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Abstract 
Safety rod guide tubes are important components of fast reactor cores for ensuring safe reactor operation. Their failure or considerable 
changes of their size may lead to safety rod wedging that is unacceptable. Two guide tubes, one each from BN-350 and BOR-60, were 
examined post-irradiation to determine the reasons for their deformation and loss of functionality. These tubes were constructed from high- 
nickel alloy EP-150 and austenitic 18Cr9Ni, respectively. 
It is found that various forms of deformation of safety rod guide tubes occur due to non-uniform swelling along the tube height, perimeter 
and across-wall thickness. The swelling gradients can lead to bowing and ovality, and can be accompanied by significant internal stresses 
within the tube material. The latter can lead to size reduction of guide tube dimension in some directions due to irradiation creep. High 
levels of swelling-induced residual stresses, in combination with a swelling-induced embrittlement of the tube material, can lead to the tube 
failure even in the absence of any external loading. 
Copyright © 2015, National Research Nuclear University MEPhI (Moscow Engineering Physics Institute). Production and hosting by 
Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
Keywords: Fast reactor; Swelling; Irradiation creep; Guide tubes; Safety rods; Temperature gradients; Damage dose gradients; Ovality. 
 
 
 
 
 
 
 
 
 
 
 
a  
T  
r  
c
s  
s  
i  
a  
i  
c  
w  
c  Introduction 
The void swelling phenomenon was discovered during ex-
amination of fuel pin claddings of the DFR reactor [1] .
In a relatively short time the basic features of this phe-
nomenon were identified [2, 3] . In particular, swelling was
observed within a certain temperature range with a maximum
at some temperature. The basic factors determining the level
of swelling were found to be first, the irradiation tempera-
ture and second, the neutron fluence and its associated dam-
age dose. Other factors such as starting microstructure, dose
damage rate and stress were later found to affect swelling and
accompanying irradiation creep [4,5] . ∗ Corresponding author. 
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te in spatially non-uniform temperature and radiation fields.
hus, the neutron fluence varies along the core height and
adius, while the irradiation temperature also varies along the
ore height and also over fuel rod or fuel assembly cross–
ections. Early examination of BR-5 fast reactor fuel pins
howed that an azimuthal non-uniformity of swelling occurred
n claddings of peripheral fuel pins due to irradiation temper-
ture variations [6] . The swelling non-uniformity led to bend-
ng of peripheral fuel pins and to additional stresses in the
laddings [7] . A temperature gradient through the pin cladding
all results in a corresponding gradient of swelling and, as
onsequence, in the appearance of stresses of different sign
t cladding surfaces [8, 9] . Swelling variations in hexagonal
ucts of sub-assemblies caused by temperature and dose gra-
ients were found to lead to a distortion of the initial duct
eometry that significantly complicated their handling after
rradiation [10] . 
In this paper two examples of the consequences of such
radient-induced distortions are presented. These examplesscow Engineering Physics Institute). Production and hosting by Elsevier 
vecommons.org/licenses/by-nc-nd/4.0/ ). 
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Table 1 
Chemical specification of EP150 high-nickel alloy, weight % [11] 
C Si Mn Cr Ni Mo Nb Ti Al B Ce S P 
≤0,10 ≤0,8 ≤0,7 15,0-17,0 34-38 2,0-2,5 0,9-1,3 0,7-1,1 0,9-1,3 ≤0,004 ≤0,02 ≤0,02 ≤0,025 
Table 2 
Chemical specification of Х 18 М9 steel, weight % [12] 
C Si Mn S P Cr Ni Cu Ti Fe 
≤0,10 ≤0,80 ≤2,0 ≤0,02 ≤0,025 17,0-19,0 8,0-10,0 ≤0,30 ≤0,1 remainder 
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Fig. 1. (a) Cutting scheme for specimens used for measuring the material 
density of reactor BN-350 temperature compensator. This scheme was used 
for six separate elevations from −500 to + 500 mm from core midplane. (b) 
Designations of corners and flats for the BOR-60 guide tube. 
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t  re the guide tube of a temperature compensator of the BN-
50 reactor and a safety rod tube of the BOR-60 reactor. 
aterials investigated 
The BN-350 temperature compensator tube is a cylinder
ith an outer diameter of 84 mm and 4 mm wall thickness.
he upper part of the tube has an outside hexagonal shape
or spacing the tube from surrounding fuel assemblies. The
ottom end of the tube has lugs for bayonet fastening in the
ressure header sockets and a throttle device for ensuring the
eeded coolant flow rate through the safety rod., A one meter
ong section of the cylindrical tube from the reactor core was
rought to the SCC IPPE hot laboratory for investigation. The
ube was fabricated from high-nickel alloy EP150 (C-04, Cr-
5, Ni-35, Мo-2, Nb, Ti, Al, B), the chemical specification
f which is shown in Table 1. 
The temperature compensator tube was exposed in the third
ow of BN-350 reactor core for 370,3 effective full power
ays. Maximum neutron fluence reached 1.52 ×10 23 n/cm 2 
 Е > 0.1 MeV), corresponding to a calculated dose of 65
pa. The tube temperature varied from 285 to 420 °С along
he core height. 
The safety rod guide tube from BOR-60 was a hexagonal
ube made of 18Cr9Ni steel with a flat-to-flat size of 44 mm
nd internal cylindrical hole of 42 mm in diameter. The chem-
cal specification of the 18Cr9Ni steel is shown in Table 2. 
The safety rod guide tube operated in the BOR-60 re-
ctor up to the maximum fluence of 2.3 ×10 23 n/cm 2 ( Е >
.1 MeV), corresponding to a calculated dose of 120 dpa.
he irradiation temperatures of the tube ranged from 350 to
55 °С . 
xperimental methods 
Post-irradiation diameter measurements of the BN-350 
emperature compensator were carried out for two mutually
erpendicular directions at distances of 50-100 mm along the
ore height with an accuracy of ±0.1 mm. Sizes of the reac-
or BOR-60 safety rod guide tube were measured for various
ross sections along the core height at both corner edges and
he middle of the flats. 
To measure the swelling of the temperature compensator
aterial, specimens of 55mm ×10mm ×4 mm in size were
ut out for five cross-sections along the core height. The cut-
ing scheme and specimen numbering for each section are
hown in Figure 1 . Swelling was determined for six eleva-
ions varying from -500 to + 500 mm using the Archimedesechnique. Specimens cut out from a non-irradiated part of
he compensator far from the core were used as reference
amples. 
The density of the BOR-60 safety rod guide tube was mea-
ured using specimens of 3-5 g in weight cut from flat middles
t nine elevations on flat 2, which was chosen because of its
otable dimensional change behavior. The distance between
hree sets of opposing corner edges was measured at each of
hree elevations, picking the two corners that bound flat 2,
nd another opposite corner between flats 4 and 5. 
xperimental results 
N-350 temperature compensator tube 
A visual inspection of the tube revealed significant bending
nd diameter increase in the reactor core region. The bending
eflection of the tube reached 12 – 15 mm, producing the
pward bowing seen in Figure 2. 
Measurements of the temperature compensator tube di-
meter showed that neutron irradiation led to significant
rradiation-induced changes in the tube geometry, especially
n the region -400 to + 200 mm from core midplane where
he tube increased in size significantly. While the initial outer
90 S.I. Porollo et al. / Nuclear Energy and Technology 1 (2015) 88–92 
Table 3 
Swelling (%) of the BN-350 temperature compensator tube determined by density measurements. 
Distance from the core midplane, mm Position of samples on perimeter (see Fig. 1 ) 
1 2 3 4 5 6 
500 2,6 2,3 2,5 3,1 3,4 3,6 
250 5,5 7,0 5,4 6,8 5,6 6,1 
0 10,0 9,9 − 7,5 6,3 6,2 
−245 6,3 6,3 8,6 7,3 6,2 5,2 
−275 6,0 5,9 7,3 6,3 5,0 4,3 
−500 - 1,3 1,4 1,2 0,9 1,0 
Fig. 2. Visible deformation of the BN-350 temperature compensator tube, 
showing both bowing and a non-uniform diameter. 
Fig. 3. Diameter measurements for the BN-350 temperature compensator 
tube in two mutually perpendicular directions, showing development of sig- 
nificant ovality as a result of swelling variation across the tube. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Swelling variations in the temperature compensator tube along its 
height and perimeter according to density measurements. Specimen number- 
ing is in accordance with the scheme shown in Fig. 1 b. 
Fig. 5. Various cross-sections of the safety rod guide tube after irradiation in 
BOR-60. The tube failed during initial cutting (left figure) at -275 mm where 
the swelling was on the order of ∼4-7% around the perimeter. The tube slice 
shown in the right Fig. did not fail during cutting. The irradiation temperature 
at this height was 455 °С , the neutron fluence was 1.97 ×10 23 n/cm 2 . Note 
that the originally flat faces are concave with respect to the adjacent corners. 
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t  tube diameter was 84 mm, the diameter of the irradiated tube
reached levels as high as 89 mm in the core midplane along
one tube traverse, as shown in Figure 3 . Along the perpen-
dicular traverse the tube diameter decreased at distances of
−250 mm to 50 mm from the core midplane, with the diam-
eter reducing to 82 mm at a distance of 100 mm below core
midplane. As a consequence, significant ovality occurred in
the tube diameter, with a reversal in ovality direction above
+ 150 mm. 
Archimedes measurements of swelling are shown in
Figure 4 and Table 3 . The swelling of EP150 varies sub-
stantially both along the height and perimeter of the tube.
Maximum swelling ( ∼10 %) was observed at the core mid-
plane (350 °С , 65 dpa) for sections 1 and 2, while sections 5
and 6 on the opposite side were ∼6,3%. In upper and lower
cross-sections of the tube, the maximum swelling was only
3,6 and 1,4 %, respectively. Significant swelling variations
were observed along the tube perimeter. In all investigated
cross-sections except for the lowest one, a significant swelling
gradient was observed around the tube perimeter. OR-60 safety rod guide tube 
A visual inspection of the BOR-60 safety rod guide tube
howed that the hexagonal tube suffered noticeable deforma-
ion. In particular, it is clearly seen that an inward bend-
ng of the hexagonal tube faces has occurred, as seen in
igure 5 . The visual inspection results are confirmed by mea-
urements of the flat-to-flat and corner-to-corner distances
hown in Figure 6. 
Figure 6 shows that there is very little change in any
imension below the core midplane, indicating that no sig-
ificant swelling or irradiation creep has occurred. Above
he core midplane the three flat-to-flat distance measurements
how a reduction in width of 1-1.5%, with only one excep-
ion at + 500 mm. The variation between measurements of
S.I. Porollo et al. / Nuclear Energy and Technology 1 (2015) 88–92 91 
Fig. 6. Change of linear dimension along the length of the BOR-60 safety rod 
guide tube, measured across opposite corner edges and also across opposite 
faces 
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r  he three sets of faces at each elevation is visible but not
ery large. 
When measuring the distance between corner edges, how-
ver, there is an abrupt increase of distance between 200 and
00 mm. For two sets of opposite corners (1-2 and 2-3) the
ncreases are nearly equal at ∼3.7 - 4% over the height of
00-500 mm, suggesting that these two across-duct dimen-
ions are similarly oriented with respect to the core center,
hile the third set (4-5) are less at 2-2-2.4%, resulting from
 different orientation spanning a lower dpa range. 
In Table 4 the data on swelling from density measurements
f the safety rod guide tube material are shown for flat 2
nd some of the adjacent corners at higher elevations where
welling is significant. These data show that the maximum
welling of the middle of flat 2 is observed at ∼250 mm from
he core midplane. With only one exception, the swelling
f the corners significantly exceeds that of the face at each
levation. 
iscussion 
Safety rod guide tubes are important components of the
ast reactor core for ensuring safe reactor operation. Their
ailure or considerable changes of their size may lead to a
afety rod wedging that is unacceptable. In this work it was
hown that gradients in temperature and neutron dose in reac-
ors BOR-60 and BN-350 can cause significant deformation
f the safety rod guide tubes. It should be especially noted
hat a substantial increase in size in one direction is often
ccompanied by a reduction of size in other directions. The
ata obtained are in agreement with the data of Refs. [13,
4] , where guide tubes of the compensating rods of the reac-
or BOR-60 were studied. One of these tubes was unloaded
rom the reactor because of wedging of a compensating rod.
 visual inspection of the upper tube part revealed heavy
eformation, with flat middles noticeably concaved with re-
pect to corner edges. Most importantly, when the tube was
hecked with a gauge equal in diameter to the compensating
od, some reduction of the tube flow area was detected. 
In fuel assemblies it is known that increases in corner-to-
orner measurements arise only from void swelling, and thathanges in flat-to-flat measurements arise from the combined
ction of swelling and irradiation creep [15] . At first thought,
he shrinkage in face-to-face dimension implies that the pres-
ure outside of the tube is greater than the pressure inside
f the tube. However, safety rod guide tubes operate in an
nrestricted state, e.g., applied external loads are negligible.
he sodium pressure in a guide tube is much lower than the
odium pressure in a fuel assembly, and absorber rods move
reely within the guide tube without any significant mechan-
cal impact on the tube. Therefore there is not a significant
ifference in pressure across the tube wall. In this case all
eformation will be determined by swelling and not by ir-
adiation creep. Thus the reduction in flat-to-flat dimension
ust arise from swelling-induced stresses that arise from dif-
erential swelling, with the larger swelling of the two adjacent
orners inducing a bending moment on the flat between them.
The present investigation and data from Refs [13-15] indi-
ate that swelling varies in a complex way along the length,
erimeter and even across the wall thickness of a guide tube.
dditionally, a substantial difference in swelling between the
orner edges and face middles is observed for hexagonal
uide tubes of BOR-60, as is seen in Table 4. 
Differences between swelling of corners and faces can
rise from several sources. Non-uniform starting microstruc-
ures, where corners are more heavily worked than faces dur-
ng final production can lead to such behavior, as recently
hown by Maksimkin and co-workers [16] . It is thought that
he gradient of swelling in the guide tube wall observed in
efs [ 11 – 13 ] is caused primarily by the difference of tem-
eratures at the outer and inner guide tube surfaces that can
each as high as 75 °С . The swelling gradient over the guide
ube perimeter is thought to be due to the temperature non-
niformity that is associated either with non-uniform heating
f the guide tube by surrounding subassemblies or with the
eveloping non-coaxial position of the absorber rod inside the
ube as it distorts. 
The presence of a large swelling gradient gives rise to in-
ernal stresses in the guide tube bulk, and then the overall tube
eformation will be determined only by the swelling, which
n turn depends on swelling-induced stress and resultant ir-
adiation creep strain. Due to irradiation creep the Internal
tresses relax to a certain extent, but after the end of irradi-
tion a high level of residual stress remains in guide tubes
xhibiting a high swelling gradient. This retention of stress
as measured in one control rod tube of BOR-60 using an
-ray diffraction method [14] . 
Due to high residual stresses and high swelling levels the
hermal compensator guide tube of BN-350 failed in the pro-
ess of cutting with a milling machine ( Figure 7 ). The pres-
nce of high swelling levels in austenitic steels is known to
nduce fragility during room temperature cutting or mechani-
al testing [4, 5, 17-19] , and perhaps the high-nickel tube dis-
ussed here may also have swelling-enhanced fragility, having
xperienced swelling levels as high as 10%. Even before sig-
ificant swelling occurs, high nickel alloys are known to ex-
ibit other forms of embrittlement during irradiation [20-22] .
It is clear that guide tube swelling alone cannot lead to a
eduction of initial tube size. Due to the action of swelling
92 S.I. Porollo et al. / Nuclear Energy and Technology 1 (2015) 88–92 
Table 4 
Measured density change of the reactor BOR-60 safety rod guide tube material. 
Distance from the Irradiation Neutron fluence, Density change, % 
core midplane, mm temperature, °С n/ с m 2 ( Е > 0.1 MeV) edges 1/2 flat 2 edges 2/3 
−480 350 0,1 •10 23 − 0,2 −
0 350 1,7 •10 23 − 0,2 −
50 365 1,95 •10 23 − −0,5 −
100 380 2,17 •10 23 − −0,6 −
150 395 2,31 •10 23 −4,8 −0,9 −2,9 
200 410 2,34 •10 23 − −4,8 −
250 425 2,31 •10 23 −9,3 −5,5 −11,6 
300 440 2,17 •10 23 − −6,0 −
350 455 1,97 •10 23 −0,9 −5,8 −8,5 
Fig. 7. Fracture of the temperature compensator guide tube at -275mm from 
the core midplane during cutting in the hot cell. 
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[  only, each dimension must increase. Tube dimensions can
decrease only due to the local irradiation creep strain over-
whelming the local swelling strain. Under certain conditions,
substantial internal stresses in the structure arising from dif-
ferential swelling can lead to negative dimensional changes
of this kind. 
Conclusions 
Based on the study of deformation and swelling in safety
rod guide tubes of BN-350 and BOR-60 fast reactors the fol-
lowing conclusions can be made. 
1. Irradiation of the temperature compensator in the reactor
BN-350 to the maximum dose of 65 dpa leads to a signif-
icant bowing (maximal bending deflection of 15 mm) and
diameter changes. Around the core midplane the diameter
of the cylindrical part of the guide tube increased from
its initial value of 84 mm to as much as 89 mm in one
traverse direction. In the perpendicular direction the guide
tube diameter decreased to a level as low as 82 mm. This
produces an ovality in the tube that may impair its contin-
ued functionality and lead to wedging of the control rod. 
2. The operation of the safety rod guide tube in the BOR-
60 reactor up to the maximum dose of 120 dpa led to
a significant increase of the hexagonal tube size between
opposite flats and the reduction of its flat-to-flat size at the
flat middle. Such deformation may interfere with control
rod movement. 
3. Change of sizes of safety rod guide tubes made of steels
EP150 and 18Cr9Ni occurs due to non-uniform swelling
of the tube material over the tube height, perimeter and
across the wall thickness. Swelling gradients leads to the
appearance of substantial internal stresses in the guide tube
under the action of which a decrease of initial tube size
occurs due to the irradiation creep. A high level of residualstresses in combination with the swelling-induced embrit-
tlement of the tube material can lead to tube failure even
in the absence of external loads during irradiation. 
eferences 
[1] C. Cawthorne , E.J. Fulton , Nature. 216 (11) (1967) 575576 . 
[2] D.I.R. Norris , Radiation Effects. 14 (1972) 1–37 . 
[3] D.I.R. Norris , Radiation Effects. 15 (1972) 1–22 . 
[4] F.A. Garner , Chapter 6: "Irradiation Performance of Cladding and Struc-
tural Steels in Liquid Metal Reactors," Vol. 10A of Materials Science
and Technology: A Comprehensive Treatment, VCH Publishers, 1994,
pp. 419–543 . 
[5] F.A. Garner , in: R.J.M. Konings (Ed.), Comprehensive Nuclear Materi-
als, 4, Elsevier, 2012, pp. 33–95 . 
[6] V.N. Bykov , A.G. Vakhtin , V.D. Dmitriev , Konobeev Yu.V. ,
L.G. Kostromin , V.F. Reutov , Atomnaya Energiya 34 (4) (1973) 247250
(in Russian) . 
[7] Likhachyov Yu.I. , A.A. Proshkin , Zh.N. Scherbakova , in: Proceedings
of the Institute for Physics and Power Engineering, Atomizdat Publ.,
Moscow, 1974 358 p. (in Russian) . 
[8] J. Foster , A. Boltax , J. Nucl. Mater. 183 (1991) 115–123 . 
[9] J.E. Flinn , G.L. M с Vay , L.C. Walters , J. Nucl. Mater. 65 (1977) 210–
223 . 
10] E. Walter Alan , B. Reynolds Albert , Fast Breeder Reactors., Pergamon
Press, 1981 . 
11] N.M. Beskorovayniy , B.A. Kalin , P.A. Platonov , I.I. Chernov , Konstruk-
tsionnye materialy yadernyh reaktorov [Structural materials for nuclear
reactors], Energoatomizdat Publ., Moscow, 1995 704 p. (in Russian) . 
12] GOST 563272. P.17 (in Russian). 
13] V.A. Krasnosyolov , V.M. Kosenkov , E.M. Loboda , Atomnaya Energiya
44 (3) (1978) 228–231 (in Russian) . 
14] V.N. Golovanov , A.V. Povstyanko , V.S. Neustroev , Atomnaya Energiya
59 (4) (1985) 289–290 (in Russian) . 
15] V.I. Scherbak , L.G. Kostromin , V.D. Dmitriev , Atomnaya Energiya 47
(5) (1985) 336–337 (in Russian) . 
16] O.P. Maksimkin , K.V. Tsay , F.A. Garner , J. Nucl. Mater. 467 (2015)
899–910 . 
17] V.N. Neustoev , V.K. Shamardin , Atomnaya Energiya 71 (1991) 345–
348 . 
18] M.L. Hamilton , F.H. Huang , F.A. Yang W.J.S. Garner , in: Effects of
Radiation on Materials: Thirteenth International Symposium (Part II)
Influence of Radiation on Material Properties, ASTM STP 956, 1987,
pp. 245–270 . 
19] V.S. Neustroev , F.A. Garner , J. Nucl. Mater. 378 (2008) 327–332 . 
20] W.J.S. Yang , B.J. Makenas , Effects of Radiation on Materials: Twelth
International Symposium, ASTM STP 870, 1985, pp. 127–138 . 
21] Konobeev Yu.V. , S.I. Porollo , A.A. Ivanov , S.V. Shulepin , N.I. Budylkin ,
E.G. Mironova , F.A. Garner , J. Nucl. Mater. 412 (2011) 30–34 . 
22] R.M. Boothby , in: R.J.M. Konings (Ed.), Comprehensive Nuclear Ma-
terials, 4, Elsevier, 2012, pp. 123–150 . 
